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Top Discovery!
Tevatron Run 1
1994-5
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Now: Huge top sample sizes
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How is Top Produced?

~85% Tevatron ~15%

~15% LHC ~85%




How else is Top Produced?

associated Wt

t-channel



How else is Top Produced?

e New productlony




How does top decay?
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W decay mode

tau plus jets
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t—=Wb ~ 100%

aq
W decay mode




Dilepton

dilepton




Lepton+Jets
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B  All-hadronic




Top Pair Production

Tevatron Run Il Preliminary *preliminary

CDF dileptons *  [ej@uujen] 7.47+0.50 110.70 pb 8.8fb’
0 pb

CDF ANN l+jets H—e—H  7.82:0.38 i]0.40 pb 4.6fb’
0.95 pb

CDF SVX l+jets  lr=li=@=f==i 7.32+ p.g(ls 110.61 pb 46fb’
0.71 pb

CDF all-jets  |r——je—@ufe]  7.21+ ?.519 ilms pb 29fb’
1.19 pb

CDF combined * e o 7.71+ 0.31[ + l0.40 pb upto8.8fb’
0.51 pb

DO dilepton e 7.36 +0.85 pb 5.4 fb™

DO l+jets =] 790+t 0.74 pb 5.6 fb

DO combined =0 == 7.56+0.20+ 056 pb 56fb"

0.59 pb

Tevatron combined *  [=hodsl 7.65+0.20+0.36 pb upto8.8fb’

September 2012 0.42 pb

for m, = 172.5 GeV

6 7 8 9
pP — tt cross section (pb) at\/s=1.96 TeV

bb — 15 cLoz2 2ecrion (bp) 91/2=1"3e 16A




Preliminary LHC o combination, \'s = 7 TeV - September 2012
L,=07f"-1.11fb"
o A . \ HATHOR theory prediction A
ATLAS, di-lepton (ee, eu, up) + 16
173+ 6 7 45

Ly =0.7 "

ATLAS, all jets . 167 + 18+ 78

L, =107

ATLAS combined ] 8 TeV results:
CMS, di-lepton (ee, ey, up) 170+ 4+ 18 ATLAS £4): 232 + 2(stat) = 31(syst) & 9(lumi) pb

Ly = 11107

CMS, 70 ; 149+ 24+ 28 CMS ¢¢: 227 + 3(stat) + 10(syst) £ 10(lumi) pb

Ly = 1.1 0"

CMS, Ljets 164+ 3+ 14 CMS £+): 228 + 9(stat) 122 (syst) + 10(lumi) pb

L, =08-11f"

CMS, all jets o] 136 + 20 + 41 Total uncertainty (CMS ££): 6.3%

Ly =117

CMS combined 165.8+ 2.2+13.2

LHC combined 17/73.3+2.3+9.8
. for m=1 72.5 GeV + (stat.) £ (syst.)

50 100 150 200 250 300 350
o [Pb]

_l 1 LI l 1 LI 1 I Ll T LI T LI 1 I T Ll LI I LI LI I 1 Ll 1 T I 1
- --NLOQCD (pp)  # Single Lepton (8 TeV) 241+ 32 pb
¥ Single Lepton (7 TeV) 179= 12 pb

L EApprox. NNLO
_Eppm (pp)ADilepmwaj;’pb

“NLOQCD(PP) () Al-hadronic 167 = 81 pb
—Approx. NNLO (pp) @ Combined 177 ) pb
W CDF

:

T IIIIIII

250

200

150
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¥ ATLAS Preliminary
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ATLAS g LHC is

] NLO (MCFM)

uoeno becoming a
top factory

J Ldt=205fb"

1/6, do/dy

; CMS Preliminary, 12.1 fb" at ys = 8 TeV

x10

e/p + Jets Combined ¢ Data
— MadGraph
MC@NLO
---- POWHEG
Approx. NNLO

(arXiv:1205.3453)
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CDF Run Il Preliminary L = 4.1 fb™'

[l pata

e Top + Jets Production

B w +HF
I mistags
Il Non-w

W Z+jets
 Di-boson

CMS Preliminary, 19.6 fb'at \s = 8 TeV

Dilepton Combined P> 30 GeV
e Data

MadGraph+Pythia
CMS - MC@NLO+Hemwig
- - POWHEG+Pythia

2 Jets 3 Jets 4 Jets =5 Jets

Gap fraction vs. Qg for veto region: |y| < 0.8

—e— ATLAS Data, EPJ C72 (2012) 2043
—— MC@NLO+Herwig, AUET2
—— POWHEG+PYTHIA, P2011C
Alpgen+Herwig, AUET2
Sherpa 1.3.1
MadGraph+PYTHIA, Z2

Can use to reduce
ISR/FSR uncertainty

100 3 300
Qo [GeV]




L=50fb"at{s=7TeV

ttV (dilepton analysis) tiZ (trilepton analysis)
0.4301% (stat) ‘00 (syst) pb 0287 (stat) “0%% (syst) pb

30
from
bkgd
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c
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»
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o
O

o
N

NLO Calculations —
Cambell and Ellis, JHEP 07 (2012) 052
Garzelli et al., JHEP 11 (2012) 056

ttV (dileptons)| |ttZ (trileptons)

Evidence for ttV
production

HW, HZ, ty




L=50fb"at{s=7TeV

ttV (dilepton analysis) tiZ (trilepton analysis)
0.4301% (stat) ‘00 (syst) pb 0287 (stat) “0%% (syst) pb

30 W, HZ, tty
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NLO Calculations —
Cambell and Ellis, JHEP 07 (2012) 052
Garzelli et al., JHEP 11 (2012) 056

_[ Ldt=1.04fb" e+jets
—e— data
ATLAS Preliminary Oty
- non-tt bkg
bkg tty
270 [ electron fakes
from @ hadron fakes

bkgd

ttV (dileptons)| |ttZ (trileptons)

O-tty (pTY>8 GeV)=ZOiO9 Pb

12 14 16 18 20

Evidence for ttV g [Go,

production SM: Gy (pr'>8 GeV)=2.120.4 pb
LO+NLO k-factor




CMS Preliminary s=7TeV,L=5.0fb"{s=8TeV,L=19.5fb"

Combination To p Y U kq wdQ

Lepton + Jets
Y

7TeV LJ+DIL

Latest on ttH
production

Dilepton

Tau

0 2 4 6
Best fit o/og,, at m,, = 125 GeV

H
SM

— Observed CL; limit H — yy
—— Expected CL limit  ttH channels comb.
M+t ATLAS preliminary

Data 2012 {s =8 TeV
f Ldt =203 fb™

CMS preliminary bb, T, yr Vs=7TeV,L=50f"Vs=8TeV,L=195 "

S~
%
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95% CL limit on O/OSM

New ATLAS result, ttH, H—yy

m, (GeV)




COFRunll,L=22f" (a)

2009 Tevatron observed
s+t channels




DO 9.7 fb""

Z+jets/DIboson
I it
B Multljets

Yield [Events/0.04]

abu b g o

0.7 0.8 0.9 1

- Ranked s-channel discriminant
COFRunll,L=22fb (a)

DO 9.7 fb™

18D
2 8D
3 SD

tqb cross section [pb]

@® Measurement
B sm
¢ Four generations

2009 Tevatron observed
s+t channels

/\ Top plon
[0 FCNC

4 5
tb cross section [pbl




Events / 0.05

6000} ATLAS Preliminary | Ldt=581ib" (=8 TeV

e data
[ t-channel
I 7, wt.s-channel
= w+heavy flavour
= wlight
] Z+jsts, diboson
Il QCD multijet

B2 QCD + MC stat unc

02 04 06 08

1

NN output

ATLAS Preliminary
t-channel single top

o¥TV = 95 4+ 18 pb

top+antitop

=Theory (approx. NNLO)
1 1.04 tb™ arXiv:1205.3130
£4.7 tb" ATLAS-CONF-2012-056

£5.8 b ATLAS-CONF-2012-132
1 12 13

14

CM energy [TeV]

Yield [Events/0.04]

DO 9.7fb
® Data
o tgb
tb
Wijets
Z+jets/Diboson

i
B Multijets

097 08 009

Ranked t-channel discriminant

t-channel single top quark production

CMS preliminary, 5..010 (_'f; TeV — 80 + 13 pb
CMS. 1.17/1.56 b ,

D0, 5.4 fb” - =
CDF, 75 b’

NLO QCD (5 flavour scheme)
= {heory uncenainty (scale © PDF)
Campbel, Fraderx, Maltoni, Tramontano, JHEP 10 (2009) 042

NLO+NNLL QCD
theary uncertainty (scale ® PDF)
Kidonakis, Phys.Rev.D 83 (2011) 091503




Wt production

—4-Data
ATLAS A JES uncertainty

4 B wit
_[ Ldt=2051 CIf
— CIWW/ZZIWZ
\s=7TeV E%(ee)/uu%ﬂets
. . 3 Z(tt)+ets
Dilepton 1 jet I Fake dileptons

Events /0.03

BDT output

O: (7TeV) = 16.8 £ 5.7 pb
SM O: (7TeV) = 15.7 + 1.2 pb



Wt production

—4-Data
ATLAS A JES uncertainty

4 B wit
_[ Ldt=2051 CIf
— CIWW/ZZIWZ
\s=7TeV E%(ee)/uu%ﬂets
. . 3 Z(tt)+ets
Dilepton 1 jet I Fake dileptons

Events /0.03

= e B
D = — ==

04 -02

BDT output

O: (7TeV) = 16.8 £ 5.7 pb
SM O: (7TeV) = 15.7 + 1.2 pb

- = ' e Data
CMS Preliminary, |s = 8 TeV W

12.2 fb ep/pu/ee channels Mt
1j1t B Z/y" +jets

SN0 000 e engeteNangesen

02 -0.1 0 01 02 03
BDT Discriminant

O: (8 TeV) =234+ 5.5 pb



CMS Preliminary, 12.2 fb" \'s = 8 TeV

CMS Freliminary

TOP-12-038 1.76+ 0.15 {stat) + 0.22 {sys{) ATLAS Preliminary j Ldt=47fo" Vs=7 TeV
CTEQEM ATLAS result

1

CcT10 ABKMO09
NNPDF 2.1
. MRSTS MSTW2008
. MSTWO08 NLO 90CL N.=4 GJRO08

CT10 (+ DO W asym.)
. HERAPDF 1.5NLO
CT10

I

o 12 13 14 15 16 1.7 1.8 19 2 21 22

2 2.2 Rt
Ratio = o(t)/a(f)




CMS Preliminary, 12.2 fb" \'s = 8 TeV

ATLAS Preliminary [ Ldt=47 fo ys=7 TeV
ATLAS result [ S S—

CTEQ&M
ABKMO09
, NNPDF 2.1
. MRSTOS MSTW2008
GJR08

CT10

. MSTWO0B NLO 90CL N=4
CT10 (+ DO W asym.)

.HERAPOF! S5NLO : CT10

e 1293949596 17 1879 2 2122
0.8 1 1.2 14 1.6 1.8 2 22 Rt
Ratio = o(t)/a(f)

.. | CMS7TeV: |Vu|=1.020.05
EWD coupling: | CMc 8 Tev: V| = 0.96 + 0.08
Vipf|? ®X0/Osm | ATLAS 7TeV: V| = 1.0 £ 0.05

(f=1 in SM) ATLAS 8TeV: |Vu| = 1.0 £ 0.1 or
Vw| > 0.8 @ 95% CL




Resonant Production

Un-merged Fully merged

—o0)

(threshold)
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Un-merged

(threshold)

T ATLAS Preliminary  -Data O

W Mutti-jets Ow+iets

IL dt=1421b"
[[JOther Backgrounds

1s=8TeV

Mtjets,
boosted -

Resonant Production

Fully merged

4
O'O/ é{

(boosted)



Events / TeV

T ATLAS Preliminary  -Data O

I Ldt=1421b" W Mutti-jets Owejets
[[JOther Backgrounds

1s=8TeV

Mtjets,
boosted

Un-merged

(threshold)

Upper Limit o, x B [pb]

—

-
o

Resonant Production

Fully merged

(boosted)

CMS,L=196f", {s=8TeV

4
O'O/ é{

Z' with 1.2% Decay Width

—— Expected (95% CL)
Observed (95% CL)

— = 7' 1.2% width

[ ] Expected=1sd.

] Expected=2s.d.




Resonant Production

Un-merged Fully merged

4
O'O/ é{

(boosted)

CMS,L=19.6 ", (s =8 TeV Z' with 1.2% Decay Width

TATLAS Preliminary  -+Data O —— Expected (95% CL)

I Ldt=142 1" ) Mutt-jets Oweets Leet Observed (95% CL)
[Jother Backgrounds Pt

— - Z' 1.2% width
+i | | Expected= 1 s.d.
buool:ttes;j : ] Expected=2s.d.

R

1s=8TeV

Events / TeV
>

See also parallel talk (M. True) on resonant W’ —tb search



Top Forward-
Backward Asymmetry

SM:

i_N(Ay>0)-N(Ay

{f =—Y evatron Aqs E
N(Ay>0)+N(Ay<0) b

AYy=Ye—=Yr=Q\ Yt 1ep— Y, had




Top Forward-
Backward Asymmetry

—

SM:

i_N(Ay>0)-N(Ay

| =—"—"F""= evatron Aqs E
N(Ay>0)+N(Ay<0) b

AYy=y:—Yr=Q\ Y, lep— Yt had

—top
= antitop

_N(Aly|>0)—N(Aly|<0)
‘" N(Aly|>0)+N(Alyl<0)

A

LHC A

Aly| = |yt — w4l



- —— CDF Data, 9.4 fb"

N SF;;:;:::‘; .f 0.047 TO p FO rwa rd =
Backward Asymmetry

A = 0.066 + 0.020

e

c
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0.5 1 1.5 2
Parton-Level Ay




- —— CDF Data, 9.4 fb"

Ars = 0.164 + 0.047 To P Forward-

= tf Prediction
A, =0.066 + 0.020

Backward Asymmetry

Deviation

666 o
, oRpON

do(tt)
dcosf

Recent CDF study: Legendre Polynomials

= Ea,PI (cosB)

Pl

S

..mwwn:p“d
e Ui

31)
—30L +3)
— 7023 + 152)




- —— CDF Data, 9.4 fb"

Ars = 0.164 + 0.047 To P Forward-

= tf Prediction

TR Backward Asymmetry

Deviation
o

060
, oBpON

do(tt)

0.5 1 1.5 2
Parton-Level Ay

dcost Ea,PI {cosb)

Recent CDF study: Legendre Polynomials

0
0
1 o
2 =
3 %(5;1:3 — 3xz) g
4 5zt — 3022 + 3) £
5 x® — T0z3 + 15z) %’
o
o
o o 3 —— NLO SM (PRD 86 034026) =-— LO t-channel (Z' 200 Gev/c?)
Legendre moments consistent with SM =2 Losw (pythia T oata (tatssystermon
=-=- LO s-channel (Octet A) § Data (statistical error only)

except I* (2.10): s-channel exchange of
s=1 particle (axigluon or Z°)

3
Legendre degree (¢)




A

Lepton Ars

_ N(q,y,>0)-N(q,y, <0)

. N(q,y, >0)+N(q,y, <0)

Top Forward-
Backward Asymmetry

=

* A%rg requires full top reconstruction.
* A;, use lepton N from W decay -clean.
* Ac~(0.5)A%s if no t polarization.



Lepton Ars

A =
' N(qy, >0)+ N(q,y, <0)

Forward-Backward Le

DO preliminary, 9.7fb™

3 jets, 1btag Production Level

4 jets, =2 b tags

H———F———-
>4 jets, 1btag

& >4 jets, =2 b tags

H—e—y #/NDF:82/3

Inclusive  (with syst)
S.Frixione and B.R. Webber,
JHEP 06, 029 (2002)

—— POWHEG + ¢+)ets Data — Fit Aiqy,)
Uncertainties: *1o(stat. +sys.) WM =1o(stat.)
CDF Run Il Preliminary f£ =9.4/fb

_ N(q,y,>0)-N(q,y, <0)

Top Forward-
Backward Asymmetry

-

* A%rg requires full top reconstruction.
* A, use lepton N from W decay -clean.
* A¢~(0.5)A%s if no t polarization.

CDF: A%, = 0.09410-055

(20 from SM)

DO: A% = 0.047 + 0.023(stat) o 014 (syst)




Lepton Ars

A —
' N(qy, >0)+ N(q,y, <0)

Forward-Backward Le

DO preliminary, 9.7fb™

3 jets, 1btag Production Level

5 jets, =2 b tags

H————e—
>4 jets, 1btag

& >4 jets, =2 b tags

H—e—1 2/NDF.:82/3
Incluslve (with syst)
S.Frixione and B.R. Webber,
JHEP 06, 029 (2002

—— POWHEG + ¢+)ets Data — Fit Aiqy,)
Uncertainties: *1o(stat. +sys.) WM +1o(stat.)
CDF Run Il Preliminary f£ =9.4/fb

_ N(q,y,>0)-N(q,y, <0)

Top Forward-

Backward Asymmetry
I

* A%rg requires full top reconstruction.
* A, use lepton N from W decay -clean.
* Ac~(0.5)A%s if no t polarization.

CDF: A%, = 0.09410-055 (20 from SM)

DO: A% ; = 0.047 + 0.023(stat) 0 014 (syst)

Axigluons M=500 GeV, G=100 GeV
0.25

BE Left Ag— py dep
Right Ag— Pr del)
015 Axial A

< 0.1 DO = had .h,

based on

arXiv:1212.4003 [hep-ph]

—prdep—

O
<]



. T Top Forward-
Backward Asymmetry

—

0.004 £ 0.010 (stat.) £0.011 (syst.) Af — 0.006 L 0.0lO( stat. - syst.)
0.0115 £ 0.0006 SM: Aﬁ.t = 0.0123 4 0.0005

S CcMs
L 4 ~
15000_5.0fb at\s=7TeV

* Data —4— Unfolded

[ [ “C - sm
Ac e = 0.003 + 0.004 Wsingle to Axigluon m=300 GeV

gie fop Axigluon m=7000 GeV J Ldt— 47 "
Ew+jets

B z+ets
OMuttijet

- l+jets

100 200 300 400 500 600 700 800 900
mﬂ[GeVl

Effect smaller due to p-p collider. Consistent with SM, but little
sensitivity: few statistics, large systematics. However...
Snowmass: If 50% of systematics scale w/ statistics, HL-LHC may help.




Other Top Kinematics

- *» dala
NLO tt ;] tz (SM)
NLO T'T’ L. tt (uncorrelated)
s M single top
NLO %% | m Z/y*+jets
diboson
W fake leptons

Ldt=2.1fb"

Snowmass Report

K-factors

blus similar result from CMS

Eg: spin correlations




Top Quark Mass

Fundamental
Standard

Model
Parameter

SM|M,, = 127 GeV

SM, MSSM
Heinemeyer, Hollik, Stockinger, Weiglein, Zeune ’'12

168 170 172 174 176 178
m, [GeV]




Top mass history

Top Quark Mass

Electroweak fit
predictions, before CDF
“evidence” paper

1990

1995

1 | 1
2000
Year

2005

2010 2015

C. Quigg, Physics Today 50, 20 (May 2007), hep-ph/9704332, & update from private communication




Top mass history .

Electroweak fit
CDF results

DO results
Tevatron average
LHC average (+)

1990 1995 2000 2005 2010 2015
Year

C. Quigg, Physics Today 50, 20 (May 2007), hep-ph/9704332, & update from private communication



Top Quark Mass

Tevatron
2013
Combo

Tevatron still
most precise:
0.5% relative
uncertainty.

Mass of the Top Quark

March 2013

| — e
CDF-I dilepton

D@-I dilepton

CDF-II dilepton =N

D@-Il dilepton T

CDF-I lepton+jets

D@-| lepton+jets

CDF-Il lepton+jets y-T

D@-Il lepton+jets il

CDF-| alljets

CDF-Il alljets .

-
CDF-Il track

CDF-Il MET+Jets * -

Tevatron combination * -

(* preliminary)
167.40+11.41 (£10.30+ 4.90)
168.40+£12.82 (+12.30+ 3.60)
170.56 £3.79 (+2.19+ 3.09)

174.00+£2.76 (+2.36+ 1.44)

_—.—_

176.10+7.36 (£5.10+ 5.30)

——.——

180.10+5.31 (£3.90+ 3.60)

172.85+1.11 (£0.52+ 0.98)

174.94 £1.40 (+0.83+ 1.24)

__._—l

186.00£11.51 (£10.00+ 5.70)
172.47 £2.07 (£1.43+ 1.49)
166.90£9.46 (+9.00+ 2.90)
173.95+1.85 (+£1.35+ 1.26)
173.20+0.87 (£0.51£0.71)

(= stat = syst)

y%/dof = 8.5/11 (67%)

160 170 180 190
My, (GeV/c?)




Mass of the Top Quark
March 2013 (* preliminary)

Top Quark Mass

~J

. Tevatron Top Quark Mass Uncertainty

Combined CDF measurement

Combined D@ measurement

N
LNLELEL L

Tevatron combination

(2]

Tevatron
2013

Projected future uncertainty range

i<y
T

1 |

w

Combo

N

IY]IITT1

1'..\ M/M<1%

T

-

A M <1 GeVic?

T10fb'1
, e | L1 1 1 1 | 351 81 K | 1

1 10
Integrated Luminosity (fb™)

Total Top Quark Mass Uncertainty (GeV/c?)

T2 R PR

N
°|O

Tevatron still
most precise:

o i Tevatron combination * 173.20 4087 (£051% 0.71)
0.5% relative oo

¥?Idof = 8.5/11 (67%)
uncertainty. | | | | | |
150 160 170 180 190 200

My, (GeV/c?)




Most precise single

result: 0.63% relative

CDF Il Preliminary
* Data (8.7 b
[ ] Signal+Bkgd
71 Bkgd only
0-tag

200

NE
>
8
©150

Everltsl(
(=3
o

o
o

200 250 300
m;*<® (GeV/c")

CDF Il Preliminary
* Data (8.7 b
{”’] Signal+Bkgd
771 Bkgd only
Tagged

foo

00 _ 250 300
m;*<° (GeV/c")

-
o

Events/(5 GeV/cz)

s OO @

CDF Il Preliminary
* Data (8.7 b
{” ] Signal+Bkgd
71 Bkgd only
0-tag

CDF Il Preliminary
* Data (8.7 b
{”’] Signal+Bkgd
1 Bkgd only
Tagged

200 250, 300
mi<°l?) (GeV/c")

Similar plots with all events, combining 0-tag and tagged events, are shown below.

400
350

NQ
2300
$250
©200

8
=150

g
1100
50

fo

CDF Il Preliminary
* Data (8.7 b
{’] Signal+Bkgd
771 Bkgd only
All

200 250 300
m{<° (GeVic’)

350

300

Eventsl&S GeVic
- X}
(=] (44 o
o o o

(3
o

CDF Il Preliminary
* Data (8.7 b
{ ] Signal+Bkgd
71 Bkgd only
All

350

Top Quark Mass

CDF Il Preliminary
* Data (8.7b")
{”’] Signal+Bkgd

70

Events/(1.§G§V
N D O®ON
o 0O 0 O o o

80 90 21'00 110 120
m, (GeVic’)

CDF Il Preliminary
* Data (8.7 b
"] Signal+Bkgd

120

CDF Il Preliminary
* Data (8.7 b
{”’] Signal+Bkgd

80 90 ,100 110 120
m, (GeVic?)




Most precise single
result: 0.63% relative

CDF Il Preliminary
* Data (8.7 b
[ ] Signal+Bkgd
71 Bkgd only
0-tag

200

NE
>
8
©150

Everltsl(
(=3
o

o
o

200 250 300
m;*<® (GeV/c")

CDF Il Preliminary
* Data (8.7 b

-
o

s OO @

Events/(5 GeV/cz)

Top Quark Mass

CDF Il Preliminary
* Data (8.7 b
{” ] Signal+Bkgd
71 Bkgd only
0-tag

CDF Il Preliminary
* Data (8.7b")
{”’] Signal+Bkgd

CDF Il Preliminary
* Data (8.7 b

.1 GeV

70 80 90 21'00 110 120
m, (GeVic’)

CDF Il Preliminary
* Data (8.7 b
"] Signal+Bkgd

00 _ 250 30 350 200 250, 300 . 350 : 120
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Similar plots with all events, combining 0-tag and tagged events, are shown below.
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Most precise single- Top Quark Mass
LHC: 0.65% relative

b—*—l
CMS 2010, dilepton 175.50 + 4,60 + 4.52 GeV
JHEP 07 (2011) 049, L=36 pb”’ (value  stat + syst)

CMS 2011, dilepton — I ' I 17250+043+14saev A .
EPJC 72 (2012) 2202, L=5.0 fb™ (value * stat £ syst n Ot a r e I n °

CMS 2011, lepton+jets 173,491+ 0, 27 1+1.03 GeV

JHEP 12 (2012) 105, L=5.0 fb”’' [value * stat + syst

[ [ I t
CMS 2011 all-jets & 1 173.49 £ 0,69+ 1.21 GeV PreCISlon ClosE 1o
CMS combination B 173.54 £ 0. 33 *0.96 GeV Tevat rO n

Submitted to EJPC, up to L=5.0 fo”' (value + stat + syst

ATLAS m,,, summary - July 2013, L =2.05fb"- 4.7 fo” ("Preliminary)

* New LHC combination || Y

CONF-2012030, L, =205m"

coming soon. TellE < e 72312023202720672 135
* TopLHCWAG... agreeing musan, amenny ¥ e, 73002064 £150
to common systematics.

* Tevatron/LHC combo

coming soon, too.

+ 38

+ stat. + syst.

stat. uncertainty
stat. & JSF & bJSF uncertainty
— {0O13] Uncertainty

ATLAS Preliminary




New Techniques: Top Quark Mass
3D fit by ATLAS

Fit to top mass, VWV mass,
Smton o7 oy [Josr-oa and Rip(ratio). In situ jet

m— and b-jet energy scale
calibration.

.
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~
2
c
(]
>
(]
.-5
©
E
Qo
=

ATLAS Preliminary e \5=7 TeV data
j Ldt=4.7 b ------- Best Fit background
—— Best Fit

Myp = 172311 0.75 1y, o pssr GE
\§, JSF=1.014£0003
bJSF =1.006 + 0.008

Events / GeV

Reduces systematics
by 407% over previous
measurement.

f30 140 150 160 170 180 190 200 210 220
migp” [GeV]

Mewop = 172.3 £ 0.23(stat) £ 0.27(sF) £ 0.67(bjsF) £ 1.35¢syst) GeV




New Techniques: Top Quark Mass
CMS b-Lifetime

First used in CDF systematics
complementary (no jets).
Lxy distribution gives Mtop.

M=172.4% 1 .5¢tar)x |.3(syst)22.6(p1)GeV



New Techniques: Top Quark Mass

CMS b-Lifetime
New Techniques:

g OBTB CMS Differential

m

ny - ’)fb,BBTB ~ 0.4-

CMS preliminary, |s =7 TeV, lepton+jets

e Data(5.0fb™
—— MG, Pythla 22
MG, Pythla P11
MG, Pythla P11noCR
-~ MC@NLO, Herwlg

m2P - <mZP> [GeV]

First used in CDF systematics
complementary (no jets).
Lxy distribution gives Mtop.

8
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4
2
0
-2
-4
-6
8
2
0
-2

MG Z2 [GeV]

data -

Probe color recon-
M=172.4% 1 .5¢tar)x |.3(syst)22.6(p1)GeV nection, ISR/FSR




vacuum stability
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vacuum stability
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Stability

125
Higgs mass M;, in GeV

150 MeV 8(My) ~ 100 MeV §(My)

Are we measuring the pole mass?




Top Quark Mass

Top mass from oOuw

\s =7 TeV;ag(my) = 0.1184

—— CMS, L=2.3fb"
Top++ 2.0, ABM11

=u=n= TOp++ 2.0, CT10

wuwnnn TOP++ 2.0, HERAPDF1.5
Top++ 2.0, MSTW2008
Top++ 2.0, NNPDF2.3

Compare precise Oy for different m¢ to NNLO prediction (Xs(rDG)).

Mt (pole) = 176.7 £ 3.6 GeV




M. = 1739 + 0.9 + 1.8 GeV Top Quark Mass

What Mt do 160 180 200 220 240
we measure?

i‘ .‘\._-,-‘..__,_
100 150 200

be [GeV]

250

“Endpoints” of transverse distributions:

e Can fit to shapes independent of MC/theory
* Very sensitive to Meop

e CMS:fit to MT2, MwT, My



Top Quark Mass

ff threshold - 1s mass 174.0 GeV

—TOPPIK NNLO + ILC350 BS + ISR
I simulated data: 10 fb"point

—top mass + 200 MeV

ot
ed)

o
~

o)
="
c
0
‘8’06
P
)
7]
O
—
3]

O
N

17395 17400  174.05
top mass [GeV]

Linear collider Analvtical theory predictions
threshold : ' .

Expected precision < 100 MeV,
scans

Snowmass top ILC white paper




“Top™”-ics not covered...

* Top quark branching ratios

* W helicity in top decays: test of V-A

* Baryon number violating tops

* Studies of top kinematic distributions

* Flavor-changing neutral currents

* Rare top decays

* Top/ Anti-top mass difference

* Searches for top quark partners

* New techniques in reconstruction: boosted tops
* ...and more!




Electroweak
Physics




Global Electroweak Fits

® X?min 20.7 per 14 degrees of
om0 e freedom
A(ER)| B o  Pulls all within 2.50

ASLD)| - A .
soT@) mM | * Higgs mass measured to | GeV

latest from Gfitter
May 2013

(O ~ Omess) / Omess We'll revisit this fit later...




Global Electroweak Fits

. * X?min 20.7 per 14 degrees of

0
R, |

MR freedom
el AR * Pulls all within 2.50
snoTayl om0 | * Higgs mass measured to | GeV
I

FB8 |

What next?

latest from Gfitter
May 2013

(O ~ Omess) / Omess We'll revisit this fit later...




What next? Global Electroweak Fits

Precision!

Precision and Significance in the Real World

Precision Significance

Electroweak physics
remains very active
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What next? Global Electroweak Fits

Precision! * Improve precision

parameters: W mass, FB

asymmetry (weak mixing angle)

e Study W,Z thoroughly:
differential distributions

* Precision theory & PDF
Precision Significance constraints

Electroweak physics * Look for new physics --
remains very active anomalous couplings




Vector Boson
Production

e CMS,19pb”,8TeV
O CMS,36pb’, 7 Tev
CDF Run Il
DO Run|

y UA1

heory NNLO, FEWZ and MSTWO08 PDFs

5 7 10 20
Collider Energy [TeV]

Low-pileup data only




Vector Boson
Production | L H C b

ATLAS & CMS

MeasuremenFs extended [LHCb |19 <y<as
to |Ni1|=4.9 important [GPDs| Iyl <25
constraints on PDFs

do/dy [pb]

Fixed target
102 107 10°

o) LHCb 2011, Z— ee extrapolated

L] ATLAS 2010, Z— up, Z— ee




Electroweak 0 :
Bosons at HERA e-p Z% production

R
HERA finished data taking in 2007/!

Charged Current DIS High-Q? NC DIS

Virtual ——“*" ijﬂ %;——
5[] ] ]

Missing piece in
HERA EW program?

Smallest cross section
measured at HERAI

See EPS talk: Junipbei Maeda




Electroweak
Bosons at HERA

Z bosons: t-channel off-shell exchanges

(small cross section)




Electroweak
Bosons at HERA

S

Z bosons: t-channel off-shell exchanges
(small cross section)

e ZEUS 496 pb?

—— Fit (Z"signal + b.g.)

Fit (b.g.)

80 100 120 14
M,y (GeV)




Electroweak
Bosons at HERA

S

Z bosons: t-channel off-shell exchanges
(small cross section)

e ZEUS 496 pb?

—— Fit (Z"signal + b.g.)

Fit (b.g.)

80 100 120 14
M,y (GeV)

O(ep—eZ%) = 13.0 £ 0.06 pb




Diboson Production

Observation of Bosons at Hadron Colliders

‘l/ Observed
g Theory

T T 1T

Wiz
L | L
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Fermilab || | wz '
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ATLAS Preliminary

LHC pp Y5 =7 TeV
Theory
¢ Data{L=0.035-46f )

I IIIIIII]

Diboson

[ IIII|I|

LHC pp Ys =8 TeV

T Production

I llllll|

13 b
T

[ IIIIII|

461"

T IIIHII

CM

w

3

¢ 7 TeV CMS measurement

$ 8 TeV CMS measurement
—— 7 TeV Theory prediction
—— 8 TeV Theory prediction
£ CMS 95%CL limit
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See also parallel talks

(P. Rebello Teles - CMS,

J. Moss- ATLAS, D. Nguyen- ATLAS,
l. Osipenkov- CMS, D. Menenez-
DO, G. Brandt- ATLAS)
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JHEP 10 132 (2011) EWK-11-000 EPJC C13 2203 [2013) (WV) rupmg.coo

JHEP 01 010 (2012} SMP-12-005 (WZ), 12-005 (WW7), 13-005(Z28)
SMP-12-011 (WIZ 8 TeV) JHEP 1301 063 (2013) {2Z7), PLB 721 190 (2013) (Ww8)
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— Diboson
Tevatron 3=1.96 TeV ‘ .
:DF ZZ~ lii (o' maSs snell Full Datasa 97 M} e P rod u Ctl O n

L~HG V5=7 :fev- ----------- '4 A I
ATLAS ZZ+> (Il + /4~) (66<m,<116 Ge\Q L=461b' i
GMS ZZ—il-{60 < m" <120 GeV}L_SOID ------ ;-,-.--«: --------------- :

LHCys=8TeV |
ATLAS ZZ > {664 m; < 116>GeV) L»-ﬂdfb .......... o foeeeeern e —
CMS zal (60<m.<120 GeV) L=5‘3tb = s s

Example:
LL

ZZ (PP) (m > 30 GeV)
- — ZZ (pp) (60<m <1 20 GeV)

4 5 6 7 8 9
Center of Mass Energy, (s (TeV)




Anomalous

S Triple

Gauge Boson
Couplings

Precision test of the SM

Coupling Parameters Channels

WW~ Ny, Akiy WW * DATA

[ 1zz
I WZ/Z + jets
-- £=0.015

wwz Az, Akz, AgE  WW,WZ
ZyZ fy, f€ zZ
zZZ fy ., fo zZ

All parameters zero in SM

500 1000 1500
m”llllll (G eV)




Anomalous
Triple
Gauge Boson
Couplings

TGC vertex

Precision test of the SM

Coupling Parameters Channels
WW~ Ay AR WWwW e DATA

[ ]zz
I WZ/Z + jets

wwz Az, Akz, AgE  WW,WZ
ZyZ fy, f€ zZ
zZZ fy ., fo zZ

All parameters zero in SM

No evidence for aTGCs

. 500 1000 1500
from any experiment so far m,.. (GeV)




Anomalous
Triple
Gauge Boson
Couplings

Corbett et al
arXiv:1304.1151

Complementary approaches to new
physics using coupling deviations



Anomalous BSM models (eg- extra dimensions):
Quartic |0-100x cross section enhancement

Gauge Boson
Couplings

10°t D@, 9.7 b

Ldt=192fb" (e=8TeV

- Signal
[1Z+]ets
[IDiboson
W+ ets
IMultijet
mtt
;P CDiff. bkg.
*_.  ©IBkg. syst.

—— Elsctron Data jets — y bkg
BZZZ MC Uncertainty N multijet
W, 2 Zy+Jets
SM +a) / A*=50 TeV* I top
I Viy+iete

WZY,WWY mmw
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triple boson production
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Final Discriminant




Electroweak Precision
Observables

experimental errors 68% CL / collider experiment:
LEP/SLD/Tevatran
— L HC

Nice discussion in
Snowmass
proceedings
(Kotwal,
Wackeroth, et al.)

‘o7 AL (SLD)

MSSM

SM, MSSM Heinemeyer, Hollik, Weiglein, Zeune et al. '13

Both predicted precisely in SM. BSM predictions, too.




Sin?0

sin” Bgﬁ = sin® Ow (1 + Ak)



$in20,

sin” Bgﬁ = sin® Ow (1 + Ak)

gl =1 —2Q

gl =1

sin?Ow = - Mw? | MA2



Sin20,

sin? Bgﬁ = sin® Ow (1 + Ak)

gl =1 —2Q
- Forward
gl =1 e I
q/proton | 0*
sin?Bw = |- Mw? | MA2 o'~ G/antiproton
ot Backward

forward-backward
asymmetry




ATLAS Preliminary

Ldt=4.8f" @ s=7TeV - 2

FiPvTHia forward-backward
asymmetry

70 80 90 10°
ATLAS, e CC
ATLAS, e CF
ATLAS, n
ATLAS combined
CMS
DO
CDF
LEP, A’
SLD, AI
LEP+SLC
PDG Fit

0.225 0.23 T 0.235 0.24 0.245

PDG sin®6%y;
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ATLAS Preliminary

Ldt=4.8f" @ s=7TeV - 2

forward-backward
asymmetry

70 80 90 10°

ATLAS, e CC
ATLAS, e CF
ATLAS, u

ATLAS combined
CMS: First LHC, 1.1 fb"'(201 1) cms
DO

CDF
LEP, A’
SLD, A,
LEP+SLC
PDG Fit

0.225 0.23 T 0.235 0.24 0.245

PDG sin®6%y;




ATLAS Preliminary

Ldt=4.8f" @ s=7TeV - 2

forward-backward
asymmetry

70 80 90 10°

ATLAS, e CC
ATLAS, e CF
ATLAS, u

ATLAS combined
CMS: First LHC, 1.1 fb"'(201 1) cms
DO

CDF
LEP, A’
SLD, A,
LEP+SLC
PDG Fit

0.225 0.23 T 0.235 0.24 0.245

PDG sin®6%y;




ATLAS Preliminary

Ldt=4.8f" @ s=7TeV - 2

forward-backward
asymmetry

70 80 90 10°

ATLAS, e CC
ATLAS, e CF
ATLAS, 1

ATLAS combined

CMS: First LHC, 1.1 fb-'(201 1) cMs

Do

0b
LEP, A
SLD, A,
LEP+SLC
PDG Fit

0.225 0.23 T 0.235 0.24 0.245

PDG sin®6%y;




Projections sin20_
e

Asin® 6l [1079) ) final CDF final CDF final CDF
final state - ! ptp~ ete” combined
9.0 9.0 pp+ 9 ete”

PDF
higher order corr.
other systematics

btatlthC&l

Tevatron (CDF) A Bodek

Snowmass proceedings
(Kotwal, Wackeroth, et al.)
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final state - ! ptp~ ete” combined
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other systematics
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Tevatron (CDF) A Bodek

Asin?6'g [10-5] | ATLAS CMS | LHC/per experiment

PDF

higher order corr.

other systematics
statistical
Total

LHC conservative (optimistic) Dici e pioeeeaies
(Kotwal, Wackeroth, et al.)
R. Caputo
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Asin® 6l [1079) ) final CDF final CDF final CDF
final state - ! ptp~ ete” combined
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PDF
higher order corr.
other systematics

btatlthC&l
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systematics
Tevatron (CDF) A Bodek wratistica

total

Asin?6'g [10-5] | ATLAS CMS | LHC/per experiment

PDF

higher order corr.

other systematics

statistical
Total

LHC conservative (optimistic) Dici e pioeeeaies
(Kotwal, Wackeroth, et al.)
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Projections sin20_
e

Asin® 6l [107°] ) final CDF final CDF final CDF
final state - ! ptp~ ete” combined
9.0 9.0 pp+ 9 ete”

PDF
higher order corr.
other systematics

btatlthC&l

Asin? - 1079 | ILC/GigaZ TLEP(Z)

systematics
Tevatron (CDF) A Bodek wratistica

total

Asin?6'g [10-5] | ATLAS CMS | LHC/per experiment

PDF

higher order corr. 0| 1 >[0x LEP/SLC precision

other systematics

statistical
Total

LHC conservative (optimistic) Dici e pioeeeaies
(Kotwal, Wackeroth, et al.)

R. Caputo
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W boson mass
observable

At tree level, Mw observable related to important EWK parameters:

M2 = 0y, / V2Gy sin? 0y,
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precision EWK

W boson mass
observable

At tree level, Mw observable related to important EWK parameters:

M2 = 0y, / V2Gy sin? 0y,

Radiative corrections due to quarks, Higgs loops, exotica make Mw
important constraint on physics beyond the Standard Model:




W boson mass Used three observables

from muon & electrons:
lepton pT, neutrino pr,
transverse mass mr

CDF Il preliminary IL dt = 2.2 fb™

Muons ' i ® Data
— Simulation

>
[
o
"
S
——
"
it
c
o
>
o

CDF Il Preliminary

M,, = (80379 + 16_,_ ) MeV

stat

Muons: p_ @~ 80406
v2Idof = 58 / 48

Muons: p. @~ 80348 =

90 100

Muons: @ 80379
m,(v) (GeV) T

Electrons: p_ ~8-80431

2 O ] 2: C D F Electrons: p._ @ 80393 +
u pd ate IaSt year Electrons: m, @ 80408 =

80100 80200 80300 80400 80500
W boson mass (MeV/c?)




W boson mass 2012: DO
update last year

Again three observables: lepton pr, v p1, transverse mass mr

All 3 new fits (electron only), combined with earlier Run 2a:
Mw=80375 * 23 MeV, P(x?)=25%



W boson mass

Mass of the W Boson
Measurement 5 M,, [MeV]
CDF-0/I ~—o— 80432 + 79
DI ——e—— 8047883

DIl o) —— 80402 = 43
.- 80387 = 19
DJ-1l @3 + 80369 + 26

CDF-ll @2m?

80387 = 16
LEP-2 —e— 80376 = 33
World Average @ 80385 =+ 15

Tevatron Run-0/I/l

L

80200 80400 80600
M,y [MeV] March 2012




W boson mass

[_JLHC excluded

— LEP2 and Tevatron

-~ LEP1 and SLD
68% CL




W boson mass

[ ]LHC excluded

— LEP2 and Tevatron

- LEP1 and SLD
68% CL




W boson mass

| lllllll I I LA I B B

Tevatron Single Experiment Sensitivity
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Projecting future precision




W boson mass

Final Tevatron uncertainty: 9-10 MeV

AMw [MeV] DO combined final CDF final DO combined
2.2 4.3(+1.1)

PDF

QED rad.

pr(W) model

other systematics
W statistics
Total 19 26(23)

Table 1-4. Current and projected uncertainties in the measurement of My at the Tevatron.

Projecting future precision




AMw [MeV] HC
W boson mass VRREY
y 300 3000
PDF

. QED rad.
Targeted final precision for LHC: [

other systematics

W statistics
Total

Projecting future precision




AMw [MeV] HC
W boson mass T VRREY
- 300 3000

PDF

. QED rad.
Targeted final precision for LHC: [

other systematics

W statistics
Total

AMy [MeV]
/5 [GeV]

£ [fb1]
P(e~) (%]
P(e*) [%]

systematics

statistics 200 2.37
experimental tot.ql 3 9119 | =23
beam energy 0.8 m
theory

@

Projecting future precision




Global EWK Fits



BREAKTHROUGH -
of the YEAR

5 The HIGGS




Higgs! Everyone is relieved...

NEWS IN BRIEFS

DANNI says: “I've often
wondered how quarks

and other sub-atomic
particles gain mass. So
I was relieved to hear
of the discovery of g
new sub-atomic parti-
cle. We can now say
with certainty that g
form of Higgs boson
sticks’ to fundamental
particles of . matter.
That's one less thing for

me fo worry about.”




CIiC Precision EWK fits

hitp://cern.ch/Gfitter

EPJC 72, 2205 (2012), = resuit
arXiv:1209.2716

| | . | rimii I
- Measurement €] fitter|u/:

Pulls from new fits: May 2013

(new Tevatron top mass)

0
RIsp

0,1
AFB

Assume Standard Model Higgs: A(ED
Mn=125.7 £ 0.4 GeV '

2 - lept
sine (Q_)

A

(see M. Baak EPS talk)

indirect) / Stot




CIiC Precision EWK fits

hitp://cern.ch/Gfitter

EPJC 72, 2205 (2012), — i res“'tz |
arXiv:1209.2716 -o- Measurement

Pulls from new fits: May 2013

(new Tevatron top mass)

0
Rlsp

Assume Standard Model Higgs: :i;ﬁfj
MH =125.7 £+ 0.4 GeV slnze::i”(om)

A

Black: direct measurement (data)
Orange: full fit including M,

Light-blue: fit including M,
but excluding input from the row

(See M Baak EPS ta”() = Ojndirec?’ / Ctot




fitter Global EWK fits

htip://cern.ch/Gfitter

EPJC 72, 2205 (2012),
arXiv:1209.2716

IIlIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIII

SM fit fitter|s

L ABp  —f

SM fit w/o M, measurement
-0~ ATLAS measurement [arXiv:1207.7214]
-i- CMS measurement [arXiv:1207.7235]

Indirect Mass for SM Higgs:
My = 94+25.5, GeV

|.30 agreement

IIII|IIIIIIIII|IIII|IIlI]IIIIlIIIIlIIIIIIIIIl

80 90 100 110 120 130 140
M, [GeV]

(see M. Baak EPS talk)




¢l fitter Global EWK fits

hitp://cern.ch/Gfitter

= with M, measurement

EPJC 72. 2205 (2012) m w/o M, measurement
arXiv:1209.2716 A .

What does the Higgs do!?

FB

A |
Pull values of full fit: A(LEP) | |
* No value exceeds 3 sinz@’,ﬁ;ﬁfg":
e Small pulls: accuracies exceed A% |

fit requirements.

Most affected by M:
e Shift in Mw by 13 MeV!

-3 -
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Plot inspired by Eberhardt et al. [arXiv:1209.1101]
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Global EWK fits

Indirect W mass determination from Mu:
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Agreement within .40
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Impressive agreement overall




Outlook

Top quark physics has entered the realm of precision
studies, providing a probe for physics beyond the SM.

Many electroweak processes, particularly involving multi-
boson production, are now within reach, and searches for
anomalies in this sector are underway.

Fits to global EWK data with the Higgs, and with precise
theory calculations, show the SM remains a consistent
theory, in spite of some interesting tensions.

We can look forward to much greater precision for key
electroweak observables, as well as the top mass, which may
help point us toward physics beyond the SM.




